ABSTRACT. The arc and laser weldabilities of two lr-0.3% VV alloys containing 60 and 200 wt-ppm Th have been investigated. The lr-0.3% VV alloy containing 200 wt-ppm Th is severely prone to hot cracking during gas tungsten-arc welding. Weld metal cracking results from the combined effects of heat-affected zone liquation cracking and solidification cracking. Scanning electron microscopic analysis of the fractured surface revealed patches of eutectic. The cracking is influenced to a great extent by the fusion zone microstructure and thorium content.
Introduction
The lr-0.3 % VV alloys doped with about 60 wt-ppm Th are currently used as post-impact containment material for radioactive fuel in thermoelectric generators that provide stable electrical power for a variety of outer planetary missions (Ref. 1) . Iridium alloys were chosen for this application because of their high melting point, good high-temperature strength, oxidation resistance, and compatibility with oxide fuel forms and insulation materials. Thorium is added as a grain boundary strengthener, segregating strongly to the grain boundaries and inhibiting intergranular fracture during severe reentry impact from space.
Two promising iridum alloys containing 200 wt-ppm Th (DOP-14) and 60 wt-ppm Th and 50 wt-ppm Al (DOP-26), respectively, have been currently developed at ORNL. The impact properties of these alloys are a strong function of grain size. Of the two alloys, DOP-14 shows better impact properties after long-term aging at fuel-clad temperatures of 1300 to 1400°C (2400 to 2600°F). This is related to the higher level of thorium added in DOP-14; this effectively retards the grain growth through the precipitation of Thlrs particles. However, this alloy has very poor weldability characteristics.
In the past, preliminary weldability screening studies have shown that potential iridium alloys containing at least 100 wt-ppm Th, particularly DOP-14, are subject to severe hot cracking during gas tungsten-arc (CTA) welding. However, the alloys can be welded successfully by the electron beam welding (EBW) process over a narrow range of focuses (Ref.
2). Despite its success, the vacuum requirements of EBW in an isolation cell during fuel encapsulation render the process impractical. Here laser welding offers a suitable alternate process to weld these alloys. This is because the high-power laser beam can be transmitted for appreciable distance through air at standard pressures without serious power attenuation or degradation of optical quality. Also, the laser system produces a concentrated energy source that can be precisely controlled during welding.
The iridium alloys containing less than 100 wt-ppm Th, particularly DOP-26, can
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be successfully welded by the CTA process. Nevertheless, the impact properties of the iridium alloys in general are a strong function of grain size. Accordingly, the coarse unfavorable structure in GTA welds can severely reduce the ductility and impact strength of a welded joint (Ref. 3) . This limits the application of these alloys. Attempts to overcome this problem have involved the judicious selection of weld process parameters to control heat input levels and solidification rate and thereby to control solidification structure.
For iridium alloys, efforts to refine the fusion zone structure by oscillating the welding arc under controlled conditions have been somewhat successful (Ref. 4, 5) . The inability to control the heat source in conventional arc welding restricts the ability to achieve a weld having better structures and properties. By using a continuous-wave C0 2 laser beam with continuous multikilowatt output power, it is possible to produce a fusion weld with lower total energy input than through conventional arc welding.
Hot cracking during welding has been studied experimentally (Ref. [6] [7] [8] [9] . Different manifestations of hot cracking during welding are:
1. Solidification cracking. 2. Liquation cracking in the heataffected zone (HAZ).
3. A combination of the above two. 4. Elevated-temperature (subsolidus) cracking during heat treatment of welds.
A number of theories have attempted to explain the mechanism of hot cracking (Ref. [10] [11] [12] [13] [14] . Solidification cracking in weld metal often occurs during later stages of solidification when the strains resulting from thermal and solidification contraction exceed the ductility of the partially solidified metal. Liquid pools trapped between the grains or interdendritic regions greatly influence the tensile properties of the partially solidified alloy. Also, the mechanical behavior of the partially solidified alloy determines its solidification cracking sensitivity. Solidification cracking has been known to be favored by the factors that decrease the solid-solid contact area during the last stages of solidification. Two of the most important are low-melting segregates and grain size. Low-melting segregates at the grain boundaries may exist as a liquid film to temperatures well below the equilibrium solidus and reduce the grain boundary contact area to a minimum (Ref. 15). Also, the coarser the grain structure the less the grain boundary contact areas for a given amount of nonequilibrium liquid. Hence, coarsegrained fusion zone structures are generally more prone to solidification cracking than fine-grained ones.
Liquation cracking in the HAZ occurs as:
1. Low-melting segregates are liquated at the grain boundaries of the base metal.
2. Tensile stresses develop in the HAZ as the welding arc passes on.
Weld metal cracking may also originate from the HAZ liquation crack. Shrinkage stress, coarse fusion zone grain structure, and the presence of low-melting segregates within the weld metal could lead to weld metal cracking as an extension of the HAZ liquation crack. During our investigation, cracking during heat treatment was never observed.
We describe both the feasibility of obtaining a sound weld with refined fusion zone structure in iridium alloys by:
1, Using both arc welding and highpower continuous-wave CO2 laser welding.
2. The successful application of laser welding to eliminate hot cracking problems encountered during arc welding of iridium alloys containing more than 100 wt-ppm Th.
Experimental Procedure
Autogenous bead-on-plate and butt welds were made by using 0.65 mm thick 
I The term weld in the text refers only to autogeneous bead-on-plate welds (melt runs). unless stated otherwise.
shown in Fig. 1 . During welding shielding was provided by helium gas flowing through an off-axis diffuser at 5.6 m 3 /h (200 cfh). Table 1 shows various parameters used during laser welding.
Cas tungsten-arc welds with and without arc oscillations were made inside a large controlled-atmosphere dry box containing the necessary welding fixtures- Fig. 2 . Welds were made in 75% He-25% Ar by using a stationary arc over a travel carriage with variable speed control. Arc oscillations were obtained by using a commercially available oscillator with a magnetic probe.
Arc oscillations both in the direction of welding (longitudinal) and normal to the welding direction (transverse) were evaluated by using constant amplitude and dwell time. Based on an initial experiment involving a range of frequencies (Ref. Various sections of the welds were prepared for metallographic observations by standard techniques. The samples were etched electrolytically in a solution of 400 mL H 2 0, 100 mL HCL, and 50 g NaCI in a stainless steel container with an AC power supply.
DOP-14 Weld Metal Microstructure

Arc Welds
Earlier studies have shown that the lr-0.3 % W alloy containing 200 wt-ppm Th is prone to severe hot cracking during both arc welding and EBW with a highly defocused beam (Ref. 2) .
As discussed earlier, the hot-cracking susceptibility of an alloy depends on elemental composition, distribution of elements, and the microstructural characteristics within the material. During arc welding of the iridium alloy DOP-14, the resulting fusion zone grain structure and segregation characteristics were very critical in determining the hot-cracking susceptibility of the alloy. The weld metal cracked severely in an earlier study (Ref.
2) on EBW of an iridium alloy similar in composition to DOP-14 with a highly defocused beam. The crack predominantly followed the centerline of the weld metal. Also, the crack path was mostly intergranular.
A close examination of the microstructures and crack path indicated that the microcrack had initiated in the HAZ* as a *For this high temperature alloy, the HAZ is very narrow and ill defined. Aided by conditions such as coarse fusion zone grain structure and low-melting segregates within the fusion zone, the HAZ liquation crack had promoted weld metal cracking. Similar observations have been made during CTA welding of DOP-14 alloy. Figure 3 shows macrostructure and transverse microstructure of an autogenous bead-on-plate weld made without arc oscillation. The microstructure was observed to be very coarse and is typical of arc welds made on this high-temperature alloy. In particular, along the centerline of the weld, one or two grains often span the thickness of the sample. Also, the grains are oriented such that the grain boundary is normal to the thermal and solidification shrinkage stress axis. The cracking predominantly follows the centerline of the weld and is mostly intergranular. A close observation of the microstructure and crack path indicated that the crack had initiated in the HAZ as a liquation crack. This possibly results from melting in the highly thorium-segregated base metal grain boundaries to a distance determined by both the thermal gradient normal to the weld and the tensile stresses that develop in the HAZ as the welding arc passes on.
As mentioned earlier, thorium in this alloy is added as a grain boundary strengthener. Also, preferential segregation of thorium to the grain boundaries has been observed (Ref. 16) . If the thorium concentration along the grain boundaries of the base metal or in the last liquid to freeze within the weld metal is high enough, it could lead to the possible formation of low-melting constituents (in the iridium-thorium system, a eutectic). Once the crack is initiated in the HAZ, it could grow normal to the fusion line and may or may not extend into the weld metal. However, in all welds examined the presence of a HAZ crack together with conditions such as a coarse fusion zone grain structure and low-melting segregates within the fusion zone seem to have led to the weld metal cracking. Here it should be pointed out that the weld metal cracking may also occur without being aided by HAZ liquation crack as a result of the rejection of low-melting solutes, namely thorium, into the liquid; this would prolong the liquid film stage during solidification of the weld metal. At this point, as mentioned earlier, a very coarse fusion zone structure would add to the hot-cracking sensitivity of the alloy. However, in a majority of the welds examined during this investigation, weld metal cracking has been brought about by the nucleation and propagation of a HAZ liquation crack.
Efforts to overcome the hot-cracking problem through refinement of the fusion zone microstructure through arc A2A\K V ^AA WEmMJ&h
Fig. 6 -Fusion zone grain structure development in: A -elliptical weld puddle; B -a transitional weld puddle; C -teardrop weld puddle
oscillation and pulsed arc welding processes were not fruitful.
Laser Welds
The results of the arc and EBW studies of iridium alloys doped with over 100 wt-ppm Th indicate that the heat source and fusion zone grain structure are two major factors that could influence the cracking behavior of these alloys during welding. The alloys crack severely during GTA welding or welding with a highly defocused electron beam. Here use of a laser, with its highly concentrated heat source capability, could prove to be an attractive alternate heat source to weld these alloys, particularly DOP-14.
Welds without hot cracking have been successfully made with the continuouswave multikillowatt CO2 laser system. Considering the two-dimensional shape of the weld puddle as seen on a weld surface, the weld puddle could assume an elliptical shape at low welding speeds or a teardrop shape at high welding speeds as shown in Fig. 6A and C, respectively.
The changes in the puddle shape from elliptical to teardrop with an increase in welding speed involve transitions in puddle shape. One such transitional puddle shape that sustains growth of few grains parallel to the welding direction (shown in Fig. 6B ) is commonly observed during welding of thin sheets of high-temperature metals and alloys and in particular iridium alloys. For an elliptically shaped weld puddle (Fig. 6A ) the direction of maximum thermal gradient changes continually from the fusion boundary to the weld centerline. As a result no grain experiences favored growth direction for an extended period. Hence many grains from the fusion line survive to reach the centerline of the weld, and this could sometime result in a finer fusion zone structure. Also the grains exhibit considerable curvature.
For a teardrop shaped weld puddle (Fig. 6C) there is almost an invariant direction of maximum thermal gradient at all points on the pool edge from the fusion boundary to almost the weld centerline. Generally, this results in growth of a few favorably oriented grains at the fusion boundary at the expense of unfavorably oriented grains. Thus only a few grains survive to grow uninterrupted toward the center leading to a coarse columnar fusion zone structure.
The coarseness of the structure depends on the solidification rate as controlled by heat input and welding speed. Sometimes the growth of the grains toward the centerline may be interrupted by grains growing along the welding direction as a result of the weld puddle shape (Fig. 6B) .
Typical microstructures of the DOP-14 laser weld made at 12.5 mm/s (29.5 ipm) are shown in Fig. 7 . At this welding speed the puddle shape appears to be elliptical. The grains in the fusion zone appear to have nucleated epitaxially on the partially melted base metal grains and have continued to grow normal to the solid-liquid interface with no single grain experiencing a favored growth direction for an extended period. Hence many grains from the fusion line have survived to reach the centerline of the weld, as shown in Fig. 7A , leading to a finer fusion zone structure. Also most of the grains exhibit considerable curvature. The transverse fusion zone microstructure (Fig. 7B) shows fine grain structure within the weld. Figure 8 shows a typical microstructure of the laser weld made at 25 mm/s (59 ipm), containing mostly fine columnar grains. The puddle at this welding speed appears to have assumed a shape shown in Fig. 6B . Again, the grains in this particular weld appear to have nucleated epitaxially on the partially melted base metal grains and continued to grow almost normal to the centerline of the weld until their growth was terminated by a narrow band of fine columnar grains growing parallel to the welding direction.
The finer fusion zone structure is due to a higher solidification rate obtained through a combination of factorsnamely, a better heat input control and higher welding speed. Transverse microstructure of the weld revealed the number and size of the columnar grains growing at the trailing edge of the weld puddle and along the welding direction.
Some of the laser welds were fractured by using a high velocity impact tester, and the fractured surface was characterized by using SEM. The fractured surface showed no excessive amount of thorium, which is often present in the form of IrsTh precipitate particles. A SEM photomicrograph of such a surface is shown in Fig. 5B .
The successful application of the laser beam to weld DOP-14 alloy results from the highly concentrated heat source provided by the laser beam. This enables selection of weld process parameters to control weld heat input and solidification rate and thereby obtain a fine fusion zone structure. Also, a highly concentrated laser beam tends to confine most of the heating to within the fusion zone, thus not contributing to the fusion of the segregates at the base metal grain boundaries. The lack of fusion of the segregates at the base metal grain boundaries and a fine fusion zone grain structure seem to improve the weldability of DOP-14 alloy.
Successful butt welds were also made without any cracking. The fusion zone microstructures of the butt welds were observed to be similar to the autogenous laser bead-on-plate welds.
DOP-26 Weld Metal Microstructure
Although the weldability of DOP-26 is much superior to that of DOP-14 alloys as stated earlier, the existence of coarse unfavorable fusion zone solidification structure of DOP-26 CTA welds can severely reduce the ductility and impact strength of the welded joint. Hence attempts to overcome this problem included investigating various welding processes and judiciously selecting weld process parameters to control heat input levels and solidification rate and thereby solidification structure.
Arc Welds
To evaluate the effect of arc oscillation during welding, the fusion zone microstructures of the welds with and without arc oscillations were compared. Figure 9 shows surface and transverse weld microstructures of an arc weld made without arc oscillation at a welding speed of 12.5 mm/s (29.5 ipm). The overall fusion zone structure appears rather coarse except along the centerline of the weld. This is attributable to the weld puddle shape that approaches the one shown in Fig. 6B and to associated weld pool solidification characteristics. However the puddle shape of the laser welds at a welding speed of 12. . .>.
-y-400 pm -j?S 1 1 Fig. 9 -Fusion has been found to be elliptical. The differences in puddle shape for the two welding processes at the same welding speed may be attributed to the differences in the heat input and the resulting bead width. The wider bead width that results during arc welding at moderate welding speeds tends to draw out the puddle to a shape shown in Fig.  6B ; on the other hand, the narrower bead width obtained during laser welding at moderate welding speeds promotes an elliptical puddle shape. The substructure within the grain is not clearly visible because of etching difficulties; when visible, it has been observed to be cellular dendritic. Figure 10 shows surface and transverse weld microstructures of an arc weld made with 375 cycles/s arc oscillations normal to the welding direction at a welding speed of 12.5 mm/s (29.5 ipm). Although this welding speed is the same as that of the arc weld made without arc oscillations, weld puddle characteristics appear different. Application of arc oscillation appears to have modified extensively the weld puddle shape and hence the fusion zone microstructure. Overall fusion zone microstructure appears to be finer than the weld without arc oscillation described above.
The refined structure may result from a number of effects brought about by the oscillating motion of the weld puddle. For example, when arc oscillation is employed, both the shape of the weld pool and the instantaneous growth rate at the trailing edge of the weld pool can be made to vary with time. Also, the direction and magnitude of the temperature gradients may be altered periodically as the heat source is oscillated, leading to variations in the weld pool solidification conditions.
The investigations also revealed that the fusion zone microstructure varied slightly from region to region along the length of the welds. Also, microstructures of the butt welds examined were similar to the bead-on-plate weld.
Laser Welds Figure 11 shows the surface and root bead profiles of the laser welds at various welding speeds on a 0.65 mm (0.026 in.) thick coupon. The weld surface was smooth and defect-free. The surface characteristics are essentially similar to electron beam welds except for a slightly wider bead width. On an average, surface bead width was about 2.0 mm (0.079 in.), and the root was 1.5 mm (0.059 in.). In the range of welding speeds investigated, the puddle shape appears to be elliptical. The tendency of the puddle to be teardrop shaped increases as the welding speed increases. Figure 12 shows a typical microstructure of an autogenous bead-on-plate laser weld made at 8.3 mm/s (19.8 ipm). The weld puddle shape of this weld appears to be elliptical. The fusion zone microstructure (Fig. 12B) appears to be significantly refined compared with the arc weld made without arc oscillation and somewhat similar to the arc weld made with arc oscillation shown in Fig. 10 .
As discussed earlier for an elliptically shaped weld puddle, the direction of maximum thermal gradient changes continually from the fusion boundary to the weld centerline. As a result no grain experiences favored growth for an extended period. Hence, many grains from the fusion line survive to reach the centerline of the weld. Also the grains that survive to reach the centerline exhibit considerable curvature, as shown in Fig.  12 . This was shown earlier in the schematic in Fig. 6A .
As in arc welds, solidification substructure within the grains of the fusion zone is not very clear at low magnification. However, it can be discerned at high magnification, as shown in Fig. 13 . The solidification substructure is predominantly cellular dendritic. Figure 14 shows typical surface and transverse microstructures of laser welds obtained at 16.7 mm/s (39.4 ipm). The fusion zone microstructure appears to be somewhat finer than that observed in the weld made at 8.3 mm/s (19.8 ipm) (Fig.  12 ) or in the arc weld shown in Fig. 10 . This mainly results from the added influence of higher welding speed in addition to the other factors discussed earlier.
Summary
An extensive weldability study using the GTA process to weld iridium alloy containing 200 wt-ppm Th (DOP-14) revealed severe hot cracking during welding. The weld metal cracking z -
?
\~ -, -» o Successful laser welds without hot cracking have been made in DOP-14 alloy. This results from the characteristics of a highly concentrated heat source available in the laser and from the refinement in fusion zone structure. The fusion zone structure is a strong function of the welding speed.
Attempts to refine the fusion zone structure of the iridium alloy (DOP-26) to improve the impact properties by oscillating the welding arc under controlled conditions have been somewhat successful. The fusion zone structure of the arc weld made with arc oscillations during welding appears finer than in the weld made without arc oscillation. This may be attributable to the variations in the shape of the weld pool and to instantaneous growth rate changes at the edge of the weld pool with time during arc oscillation. No significant variations in fusion zone structure of the autogenous bead-onplate welds and butt welds were observed.
Laser welds with refined fusion zone structure have been made on DOP-26 alloy. The fusion zone structure of the laser welds compares well with the best structures of the arc welds produced by using arc oscillations. Such an investigation could lead to much better fusion zone structure and associated properties than is obtainable presently.
